Abstract. We prepare a quantum state where each site of an optical lattice is occupied by exactly one molecule. This is the same quantum state as in a Mott insulator of molecules in the limit of negligible tunneling. Unlike previous Mott insulators, our system consists of molecules which can collide inelastically. In the absence of the optical lattice these collisions would lead to fast loss of the molecules from the sample. To prepare the state, we start from a Mott insulator of atomic 87 Rb with a central region, where each lattice site is occupied by exactly two atoms. We then associate molecules using a Feshbach resonance. Remaining atoms can be removed using blast light. Our method does not rely on the molecule-molecule interaction properties and is therefore applicable to many systems.
A variety of interesting proposals for quantum information processing and quantum simulations [1, 2, 3, 4, 5] require as a prerequisite a quantum state of ultracold polar molecules in an optical lattice, where each lattice site is occupied by exactly one molecule. A promising strategy for the creation of such molecules is based on association of ultracold atoms using a Feshbach resonance [6, 7, 8, 9, 10, 11, 12, 13] or photoassociation and subsequent transfer to a much lower ro-vibrational level using Raman transitions [14] . If the molecule-molecule interactions are predominantly elastic and effectively repulsive, then a state with one molecule per lattice site can finally be obtained using a quantum phase transition from a superfluid to a Mott insulator by ramping up the depth of an optical lattice [15] . However, many molecular species do not have such convenient interaction properties, so that alternative strategies are needed. Here, we demonstrate a technique that is independent of the molecule-molecule interaction properties. The technique relies on first forming an atomic Mott insulator and then associating molecules. Several previous experiments [16, 17, 18, 19, 20] associated molecules in an optical lattice, but none of them demonstrated the production of a quantum state with exactly one molecule per lattice site. Another interesting perspective of the state prepared here is that after Raman transitions to the ro-vibrational ground state, one could lower the lattice potential and obtain a Bose-Einstein condensate (BEC) of molecules in the ro-vibrational ground-state [21, 22] . Central results of our work were previously reported in Ref. [23] .
The experiment begins with the creation of a BEC of 87 Rb atoms in a magnetic trap [24] . Once created, the BEC is transferred into a crossed-beam optical dipole trap and then a magnetic field of approximately 1000 G is applied. The atoms are transferred [25] to the absolute ground state |F = 1, m F = 1 , which has a Feshbach resonance at 1007.4 G [24] with a width of 0.2 G [25, 26] . Next, a simple-cubic optical lattice is created by illuminating the BEC with three retro-reflected light beams at a wavelength of 2π/k = 830 nm. The behavior of bosons in this optical lattice is described by the BoseHubbard Hamiltonian [27] . The relevant parameters for atoms in the lattice are the lattice depth V 0 [15] , the amplitude J for tunneling between neighboring lattice sites, and the on-site interaction matrix element U . Note that the polarizability of a Feshbach molecule is approximately twice as large as for one atom. Hence, a molecule experiences a lattice depth of 2V 0 . Combined with the fact that a molecule has twice the atomic mass, this drastically reduces the tunneling amplitude for molecules compared to atoms, e.g., at a typical lattice depth of V 0 = 24E r , the tunneling amplitude for an atom is J = 2πh×4 Hz, whereas the tunneling amplitude for a molecule at the same intensity of the lattice light is J m = 2πh × 0.3 mHz. Here, E r =h 2 k 2 /(2m) is the recoil energy and m is the mass of one atom. We experimentally calibrate the lattice depth with the method shown in Fig. 3 of Ref. [28] .
We create an atomic Mott insulator at a magnetic field of 1008.8 G by slowly (within 80 ms) ramping up the depth of the optical lattice. We carefully checked that a Mott insulator is obtained by repeating all measurements presented in Ref. [15] . In particular, we used a time-of-flight method to measure the momentum distribution after suddenly switching off the optical lattice potential, as seen in Fig. 1 . For small lattice depth, the system is superfluid and diffraction from the lattice light leads to an atomic interference pattern. For a deep lattice, however, the system is in the Mott phase, corresponding to a fixed atom number per lattice site. This results in a maximum uncertainty of the relative phase between sites and therefore the interference pattern is washed out.
The system has an external harmonic confinement due to the finite waist of the lattice beams and due to the additional dipole trap. This makes the atomic Mott insulator inhomogeneous. It consists of shells of constant lattice filling with exactly n particles per lattice site. Neighboring shells are connected by narrow superfluid regions. By choosing appropriate parameters [23] , we ensure that the core of the cloud contains exactly n = 2 atoms per lattice site. This core contains 47(3)% out of a total population of 10 5 atoms.
After preparing the atomic Mott insulator at a magnetic field of B = 1008.8 G, molecules are associated as described in Ref. [8] . To this end, the magnetic field is slowly (at 2 G/ms) ramped across the Feshbach resonance at 1007.4 G to a final value of B = 1006.6 G. At lattice sites with a filling of n = 1, this has no effect. At sites with n > 1, atom pairs are associated to molecules. If the site contained n > 2 atoms, then the molecule can collide with other atoms or molecules at the same lattice site. As the molecules are associated in a highly-excited ro-vibrational state, the collisions are likely to be inelastic. This leads to fast loss of the molecule and its collision partner from the trap. The association ramp lasts long enough to essentially empty all sites with n > 2 atoms. For lattice sites with n = 2 atoms, the association efficiency is close to unity. At a lattice depth of V 0 = 24E r for atoms, the tunneling amplitude for molecules (see above) is negligible compared to the hold time between association and dissociation, so that the positions of the molecules are frozen.
In order to show that the molecular part of the sample really is in the n = 1 state (with exactly one molecule at each lattice site), the molecules are first dissociated back into atom pairs by slowly (at 1.5 G/ms) ramping the magnetic field back across the Feshbach resonance. This brings the system back into the atomic Mott insulator state with shells with n = 1 and n = 2. Then, the atomic Mott insulator is melted by slowly (within 10 ms) ramping down the lattice from V 0 = 24E r to V 0 = 4E r . Finally, the lattice is quickly switched off and after some time of flight an absorption image is taken. Such images are shown in Fig. 2 . Part (a) shows the result if the magnetic-field ramp for association and dissociation of molecules is omitted. This matter-wave interference pattern shows that phase coherence is restored when ramping down the lattice, thus demonstrating that an atomic Mott insulator is realized at 1008.8 G. Part (b) shows the pattern obtained if molecules are associated but not dissociated, so that they remain invisible in the detection. This signal comes only from sites with n = 1 atoms. Part (c) shows the result obtained for the full sequence with association and dissociation of molecules. Obviously, the satellite peaks regain considerable population compared to (b), which proofs that after dissociation, we recover an atomic Mott insulator. This shows that association and dissociation must have been coherent and adiabatic. Combined with the freezing of the molecules' positions and the fact that the association starts from an atomic Mott insulator with an n = 2 core, this implies that the molecular part of the cloud must have been in a quantum state with one molecule per lattice site.
After associating the molecules, remaining atoms can be removed from the trap using microwave radiation and a blast laser as in Refs. [12, 16] . This produces a pure molecular sample. The molecule numbers before and after the blast are identical within the experimental uncertainty of 5%. In order to show that the pure molecular sample is in the n = 1 state, the molecules are dissociated, the lattice is ramped down to V 0 = 1.2E r within 30 ms, ramped back up to V 0 = 6E r within 5 ms, and finally switched off. To understand why the extra ramping is needed, see Ref. [23] . The result is shown in Fig. 2(a)-(c) . First, the usual lattice rampdown starting at V 0 = 24E r is interrupted at V 0 = 15E r . Next, the power of one lattice beam is modulated for 11 ms with a peak-to-peak amplitude of 50%. Finally, the lattice ramp-down continues as usual.
Resonances are visible at 1.6 and 3.2 kHz. The lines are a guide to the eye. Reproduced from Ref. [23] . [23] . Figure 3 shows the excitation spectrum of the atomic Mott insulator at V 0 = 15E r as measured by amplitude modulation of one lattice beam [29] . To understand, how this spectroscopy method works, consider two neighboring lattice sites each initially occupied by exactly one atom. Without the modulation, the tunneling of one atom to the other site is suppressed because of the on-site interaction matrix element U , which shifts the tunneling process out of resonance. With the modulation, the lattice light has sidebands in frequency space. This makes carrier-sideband transitions possible, e.g., an absorption of a carrier photon by an atom can be followed by an induced emission into the red sideband. This can shift the above-described tunneling process into resonance, if the proper modulation frequency is chosen.
The spectrum in Fig. 3(a) shows clear resonances at energies U and 2U . Below the first resonance, no noticeable excitations are created, showing that the excitation spectrum has a gap. This again shows that the system before molecule association is an atomic Mott insulator. In Fig. 3(b) , the signal at 2U essentially disappeared, because the signal at 2U is created by processes that require lattice sites with n ≥ 2 atoms [15] , which are converted into molecules and hence absent. The spectrum in Fig. 3(c) is similar to the one in Fig. 3(a) . Resonances at U and 2U are clearly visible in Fig. 3(c) . This gives further experimental support for the above conclusion that the system after the association-dissociation ramp is still an atomic Mott insulator. We also measured excitation spectra at various lattice depths for the molecular n = 1 state after removing the atoms, corresponding to Fig. 2(d) . These spectra show no resonances related to the molecular on-site interaction matrix element U m . An example is shown in Fig. 4 . The lattice depth chosen here is a factor of approximately 4 lower than in Fig. 3 . Hence, the tunneling amplitude for the molecules J m = 2πh × 12 Hz in Fig. 4 is comparable to the tunneling amplitude for atoms J = 2πh × 21 Hz in Fig. 3 . The search for resonances related to U m is hampered by the fact that the value of U m is unknown. Furthermore, the lifetime of two molecules at one lattice site is very short [23] . This leads to an estimated resonance width of Γ = 2πh ×10 kHz. Hence, a possible resonance would be too broad and consequently too shallow to be observed.
We took data in a broad parameter range, but could not find any resonances related to U m . We only observed band-excitation resonances, as in Fig. 4 . Both resonances in Fig. 4 can be explained as band excitation. We took data in deeper lattices. Here, the broad resonance splits into two narrower resonances, which both follow the energy of a band excitation as a function of lattice depth. The molecule loss at the band-excitation resonance is caused by the fact that the tunneling amplitude in higher bands is much higher than in the lowest band. Hence, a molecule in a higher band can easily tunnel to a neighboring site. If this site was already occupied by another molecule, then an inelastic collision will lead to fast loss.
The data in Fig. 4 do not show any signature of the first band-excitation resonance at 11 kHz. This is because of the parity of the states involved. To illustrated this, we consider the states with quasi-momentum q = 0. These states have even/odd parity for even/odd band number. Therefore transitions between even and odd bands are suppressed.
In conclusion, we prepared a quantum state with exactly one molecule at each site of an optical lattice. The quantum state prepared here is exactly the state that a molecular Mott insulator has in the limit of negligible tunneling. Unlike the creation of a molecular Mott state by a quantum phase transition from a molecular BEC, our method works independently of the molecule-molecule interaction properties.
